AFCRL 70-0622

SCIENTIFIC REPORT No. 4

ANTENNAS FOR THE VLF REGION AND LF REGION

™ M (::
R. KLEIN o A
ST
‘;\ g 180 k
i e 1

Vit Rt RN
IHEREGASIRE o

- (J' -

YLF-PROJECT

Usir, Dos. Dr. W, BITTERLICH
INNSERUCK, AUSTRIA

THIS DOCUBANT HAS BREH APFROVED FOR PUBLIC RELEASE AND SALK;
Tr8 EISTRIBUTION 1¢ UFLIMITED,

TEIS RFSPARUX HAB BBEW SPCEBORZD IN PART Bf THE D¥ITED STATKS
GOVERNEZNT TNDER CONTRACY ¥h: F 61052-69-C-0007,

Reproduc -
NATIONAL TECHNICAL
INFORMATION SERVICE

Spnngheld, Va 22191




QUALIFIED REQUESTORS MAY UBTAIN ADDITIONAL COPIES PROM THE
DOCUMEFTATION CENTER. ALL OTHERS SHOULD APPLY TO THE
CLEARIRGHOUSE FOR FEDERAL SCIENTIFIC AND TECHNICAL IR
FORMATION,




TAJLE OF CORTERTS

pege
Foreward I
Abstraot 1
Liet of i{llustrations 1
List of abbreviations and symbsls 11X
I, Introduction
I1, Trauamitting antennas 3
1II. Heliocsl antannas 9
IV. Recuiving antennas 17

V. Field strength profiles &and directional patterra 20
VI. List of the antennas that have been used 20
VIiI. Conclusions 25

References




FOREWORD

ViF-Project Nr.:s F61052-69-C-0007.
Report submitted on 1 Sept. 197C.

The studies on the propagation of VLF waves which have been
conducted for the past 10 years under the supervieion of Dos.
Dr. W, Bittorlich, made it necessary right from the beginning
to conduct contiinuous and intensive examinations on the con-
struction of suitsble transmitting and receiving antennas.
Duxing this period, numerocus types of antenna have been
cclouleted, constructed and tested under various conditions.
The results of these studies shall now de reported in bdbrief,
Dorivations and equations shall mot be given, quotations of

reports and publications shall be made which deal with the
respeciive problems.

ABSTRACT

This is & description of all the¢ transmitting and receiving
antennas that have besn used for VLF project etudies, The
antenna efficiency is discussed and helical transaitting
antennas are described in a special chapter. Various dia-

graas plotted in accordence with the desocribed antenna
noagurements are given,
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ARTENN4S FOR THE VLF RECION 4AND LF REQIOR

I, Introduction

AliLougiu g.oail Inse.coy waoe taken in ransmitting
information through the esarth's crust by means of electro-
nagnetic waves, this field of research was fairly new terri.
tory., Since the earth'’s crust represents a dielectric with
heavy losaes, or a more or less conductive medium, it waa
necessary to usd low frequenvies for covering great
distances, In this connection, technical difficulties arose
when low and very low frequencies of the electromagnetic
spectrum were used.

Bosides external disturbing influences (electromagnetio
disturbing field produced by the sun, in the atmosphere, and
by technioal equipment), which must be eliminated as far as
possible, the consiruction of "handy" antennas which are small,
but effective, is one of the grasgtest problems. As compared
to the wavelangth (wavsleugih at 10 kHz in vacuum for
example *s 30 km), such antennas must alwaye be very small,
1.e., their efficiency will also be very small. Theese problems
are the same for transmitting snd for receiving antennas,

Furthermore the problem must be solved whether to
use electric or magnetic dipcle antennas. For the case of
receiving antennas, this problem may he dscidsd upor by
brief calculations ana technical considerations [1 ’ 2]0

Let the transmitiing field strength st the point of

reception be arbiirarly chosen as Egre = 50 milli.

volts/m, At the receiver side, there 1is at first au

electric dipole with an effective height of hyre = 2 m.
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The above dipole can be materialized by a vertioal
wire of Zm length, grounded st one wnd, baving &
horizontal antenna branch of 6 m at its upper end.
The voltage induced in the dipole then is U.rr -

- mott.hnff = 100 millivolte.

The radiation resirtancs at a frequency of { » 10 kHs
(ho = 30 kn) is the following:

Y
R, = 160 u'(-%fi) =7+ 107 ohss.

Let the magnetic 4ipole be & frame antenns with an
area of P = 9,75 m and a number of turns n = 140, The
effeotive hsight now reads

- 2xpF
hoff Ao * 3 us,

The radistion resistance

Bypp 2
£1 10
R = 80x' (=2=3) e 8 + 10'" ohus,
° Ao

The induced voltage is the following:
Uoer * 015 millivolta,
This result suggests that the eleotrio dipole is to be pre-
ferred, since the voltage induced in it is muoh higher. Yet,
the use of maigmetic dipole anis=amas is more faverable, since
the induced an‘enna voltage 'aay be fully utilized as® input
voltege for s subsequent amplifier., Tuning to resonance is
8leo easily possille, Bo that the useiuil volitage is »iill in-
creasad by Q.

In the case of transmitticg antenunas, & decision is
not so easy, sinoce here the surrounding medium also hss some
influence, Shus, it has been found out for exaaple [3] that
1f the wave numbersk™ (w, 6, &) sra very small, the eleotrio




dipole im preferred as a transmitting antemns nnder ks son-
dition thet the produstion of an adegquste antenns current is
poseible at the same transmitter power as in the csse of a
similar magnetioc dipole,

The transtitting current may be increased by tuning
to :usonance, the antenna representing the inductance. Tuning

to resconance in the case of a magnetic dipole ie conducted
either by means of capaoitances in a parallel or series
resonant circuit, or by using self-rescnamt antenuas. In the
LFP region and even more sc in the VLP region, such self-
resonant antennas of small dimensions are very difficult to
construot. This problem is dealt with in Chxpter III, bhelical
antennas,

I1. Iransmitting satennas

In the VLP region, electromagnetic fields produced ty
antennse that car be built in practioce, may be descridbed by
sguations for the Herts dipole, since the condition that the
antenna muat bs small as compared to the wevelength, is satis~
£12d4 only too well. For the «lectric or msgnetic dipole ths
following relations are valid (for reasons of sikplicity, only
the dependence of quantities is given that may be chosen
arbitrarily):

Er, Eg Hf ~ Jedl and Hr, EL’ EY ~n,I,F, respretively,

I... antenna oirocuit, dl... length of antenra
N... number of turns, F .0c antenna orces szction.




If the antenna leagth and oross seation are limited (e.g., bY
the gallery), the field atrength components miy bs increased
only by inoreasing the antemna surrent. This, however, ia
alsc limited: in an eleotric dipele owing te tue oapacitance
between the ends of the dipole ﬁnd oving to aatonna voltage,
whereas ir a magnetio dijocls owing to losses ia the winding.
The increaeing eantenna indactance also puts a limit. [4]
What antenna typa is to e preferred for thas fre-
quanoy region in question shall he exsmined in the preseunt
ckepter by comparing the radisted energies [5]. F.x this
parpose it must be taken into scgount that an antenna in air
sleotrically may be locked upon &8s & combination of its ohmic
resistance and radiation resistapce. In air or in vaocuo, the
radiation resistance is determined by integrating the Pointing
veotor in the far field over a sphericsl surfase of any size
around the antenna, Divieion of this integral by the square
maximup current yields the radiation resistance. In an antenna
embeddied in a conducting medium, the resistance produced by
the surrounding msdium must still bo added. Experience showas
that this resistance is larger for an eleotric dipols thean
it {s for a magnetic one, except for the ocase of k' (¢, 6, &)
being small (cf. introduction).

Caleuleting the

+
face having tho radius r, ve obvtain [5 ]
1. For the electric dipole

hrough & spheripal sura

2 -2 kr
& 8x (11 ) 3
W - 5 (4 <) - [umk *—_— ——-rz

;
L]
a
+
13*‘
—

or if r >A

v - v otn T/
T DA v LN '




2
vith W: - 40:2(lx% ) being the value for vaouum.

« Por the magnetic dipeles

2 -4x T/ 1
RGO ol (RS
or if ¥ DA
A _-4x T/A
':»h"': g? otn ¥/

2
vith ¥} - x/32 (5-,—51-) being the veluo for vacuum,

8 = (-u/é)1/2, Z c.c ¥Wave resistance ~ 1§.(tor other syuiols
see list of symbols and abbrevistions).
Let us now assume that there is & radius r seo that the

onsrgy flux of the two dipole types thrcugh a sphorical sur-

face of the same radius is equal. We may thue compare the
¢leotric and magnetic ensrgy flux

CRReS)
18f1° 6~hf(r§ in veacuo.

Sl

For another radius r',  this comparizon may be made 2l25 Inr
& medium, thus yielding

9 h.(x')
18-10° _ By
S We B

Substituting I:/': as above, we obtain

3 1
41 l<‘°

- hZZr'f h1zr5 ¢

%i%
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Asvuning that r'3» )\, ve obtain the follow.ng oxprescicns

) hz(i’)
;; ° E:r;y < 1o

This, howeveor, means that ") v .

To this result it must be added that this inequation
is valid only if ¢ snd { assume certain values, &s has bVeen
shown in [5], the inequality is valid for the used frequencies
and conduotivities, As a result it may bo said that even if
the snergy radiation of the elsotric dipole in air exceeds
that of the magnetic dipole by several powers of ten (of. the
subsequent caloulation), in a conduztive medium it will only
be a fraction of ite value,

This statement, however, holds only with some other
restriotions: ¢ small, r » A . A decision of wvhat type of
antenna is to be used is still open, The question arises,
whether antemnas in a dissipative medium may be ocompared
generslly, or whether exaot data is necessary Ior the ocon-
ditions of their usa. Do optimum antennas exist at all? Let me
describe them ae a structure permitting the transmission of
information over a requested distance in a dissipative medium
at minimun transmitter power,

If we want to compare various antennas, ocertain re-
striotions must be made as to the conditions under whioch
they are to be used [3]:

(1) Requirements for flexidility of frequency, sufficient band
width and local mobility shall be completsly neglected.
(2) The properties of the surrounding medium must always
be constant,

{(3) The freguency must be constant,

(4) The ocavities in the lossy medium that surrounds the antennas

must always have the same size and shape.




(%) The antonnas thomselves must have about the same sise.

(6) The antennas nust operate under constant power conditions,
{(7) The ivput resistisnce of the antemnas to be compared must
be kaown.

This shows that a mumnber of oconditions must be satip.
fied in order to permit a usaful ocomparison between various
antennas.

An example im going to demonstrate how low the emitted
povwer actually is as coxpared to the power required when using
antennas that are small compared to the wavelength.

The portable transmitting unit with antenna SA XI
descrided in (6] (of. Chapter VI., list of antennas) had the
following data c¢f operations

£ &% 120 kxHs (which corrssponds to a vacuum

vavelength of A = 2.5 ka),
I° = 9,4 o, sntenna resonanos current reached
by tuning to resonance by oapacitors,
R = 0,5 ohms antenna resistance
n = 16, number of turns
F =150 s Area of cross section.
The power put into the antenna was 5.4 watis. The wavelength

for a medium with an ssgumed d4is1s¢6isic conwitant of € = 10 is
A

/= 0.8 sin 3 =1 ,

A km, since ﬂ--vee—;- P

The eanitted snergy is obtained froa
2
We ZsTo
2 L.
The radiation resistance R" w8 x

above data yields

2>
v

2
) sccording to the

R, = 4.4 - 10™2 ohms

with the eflfective height being h.rr - ngf-! ca.culated from

h.ff - 0. 19 Me
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Th¢ radistion reristance is emaller than the total
ohuic losees by powors of tem., As it is an essential quantity in
the equation of emitted power. the latter is also very lows
2
BRI
. ‘.I o .2 2 * 4.3 . 10-5 watts,
For better comparison, ihe power emitted by a simple vertioal
dipole 10 m high is beirng calculated. Ths operational data

is the same as above.

The formulas for calculating R. and hott have baen
taken trom [7].

h 2
- eff el 1.-_cos (ot h)
Rl 1579( A ) ! hoti‘ o sin (o0h) °

with oL =« 28/A, and b = 10m(height of the electric dipole).
With the above valuos we obtain

herf e 5nm

of an air-filled space, for which the clectric antenna is
clearly advantageous. For antennas esmbedded in a medium, > v
is valid as shown above; i.a., the nagnstic dipole is more
favorable, The shorter wavelsngth for & medium (& = 10) has deen
used instoad of the vacuun wavelongth so that the ratio antemna

length/'avelength need no longer te takon into account whea
oomparing the energy emission in vacuo (or air) and in a medium,
Only a fraction of the tota: antenns power is aveilable for its
actual radiation, the rest is comnumed %Yy ohmic resistances.




The antenns #fficienoy is thus very lov with the given
arrangesens.

Purthermors, ths above definition of the radiation
repistanos and of the effioiency fails {f the antenna is looated
in a medium. Ia & loasy meldfum, the integral depends on the
spherical radius, i.e., & riuius arbitrarily large ocan no loager
be permitted. The only faciors that may be compared in the
radistion field of antennas are the componants of the electrio
or asgnetis field strength and their oumbinastions in phase.

These few considuerations have already shown that
the problem of an optimmy, antenna for a certain medium cannot
be solved im this gereral fevrm., L solutiom of this prodbles
woulé be essier if the lufluence of ali factors on the iaput
resistance of the anteans were kiown precisely. As it aay
8180 depend on the shape and siss of the ocavity, an input
resistance as suitable ar possiblie (i.e., & low one in most
cases) is not only a techairsl probles.

II1. Haij)eel gntennss

It has besn mentioned st the beginning that the use of
self-resonant sntennas is & vay of inocreasing the antenns ourrent,
Thair input impedance, however, is not easily adapted to a
feeder line or = transmitier output, since the self-resonant

frequency of such antennas (if <hey ars small) is muck higher
than the o

icnal frequency.

Preliminary examainations of amall helical antsnnas
showed that this shape prodwnces self-resomant plenomsna ir the
desired frequency regior . Lulavec in his report [31 tried
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to find a relatlion botween the antenna dimensions (length,
diameteyr, pitoh, wire thiokness, insulating material) and tho
self-impedance or resocrant frequency and the field structure in
the surrcunding medium, Various anionnas were buill aad their
properties were studied above ground and in the mine, in air and
in water. This chapter is going to review in drief the possi-
bilities of calculating theoretioally amall helical aniennas,
For the purpose of caloulating the phase velcoiiy aud the
wave resistance of & helix, s network model is used (scoording
to HEYNISCH [8] ) of unit qusdrupoles,stating the mean inductance
and capacitance per unit length (Pige 1). )

2 al .

Fig. 1

Pig. 1 1illustrates the antenna geomeiry as folloxas:

21 ... totsl axisl antenna length [m]

2 8 .eo antenna dianater (center to center of wire) [m]
& «.:e0 pitoh (center to center of wire) [m]

Y eeeec Pitoh angle [degrees]

i esses total number of turns

Py voee wire radius without insulation

Py ecee wire radius with insulation,




wife

Un the whole, the antenns 1s an air ceil with open ends,
separatsd and symmeiriozlly fed in 3hd aidfile. This method
of feeding need not be the best ono.'bct oping to the symmeiry
and absenta of grounding problems it is the simplest method,
theoretically and experimentally.

An alternating currext flowing $areugh the sntenna
leades to a periodio setiing-up and dbreaking-dowan of
oppoailta voltagesz to the left and to the right »f the antenns
cencer in sccordance with a xntusl capaocitance of the two
antenna halves, with an inductive resistance by the magnetio
field 1t produces. We thus obtais & mean 1|dnot.noo (L ) and
& mean vapacitance (c ) per axial unit Iotgthg The mesn
axial phase velooity or the ourrent thus reads

- -1/2
Fo- (R 2

As the two ends of the antenna are opem, thay refleot the curremt
ideally (ourrent nodes) thus causing the forsation of standing
vaves. The lowest axiel resonance is characterised by a

ourrent bulge in the middle and sero ourrent at the ends,

;n_zyia cade, $he axial wavelength ie

A..-‘lo

The loweatroorrclponding resonant frequenocy is

[

tr -

s ln*
F-S
fe

.

In [5] 8 forsula is derived in detail for caloulating the
input resistance:

- 2 -
G 01 R '1
s 1 L 1is
Ro - zz{ 5+ 6'§1p'1 ]+ > [php-] .
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The wave resistance Z thus holds a key position so that it will
be kept aa small as puseible in order to make the input re-
aiatancs as low as poasible.

Furthermore, formulas were found for oaloulating the

resonant frequency and the wave resistanoe. Since
[ros = V‘/7L. " 1/4'1 L1c1 and 2 = 11"1/61

it was necessary to calculate at first i1 and 61. While the
calouiation of L1 anvoelved ue difficulties - at low freguenoles,
the induotance of a long sir coil may be used - the saloulation
of C1 yielded a discrepancy between theory and experiment

{(about 30%). This wes, because the "input region" of the antenns
had not been taken into sccouat which in the ocase of & helical
antenna is formed by the two central turns, contributing to

the capscitarce much more than had been expected, Thus,

another term had to be added to the formuls for 51 which

takes into account the capacitance of the input region.

In order to on the ono hanireduce the resonant frs-
quency of the antemna at constant dimensions and on the other
hand check the theory of input impedence, the antennas were
also located in a cavity filled with water, The antenna
inductance thus is not obkanged, whersas the capacitance
i8 increased consideradbly, The resonant frequenoy decreased
by one to two powers of ten, the mean wave resistance alsc
deore¢ased,

For the ocurrent and voltage distribution, the
following conditions were found:

=1 U(o) . -1 Ulo)
sirh 8 1 81

JERN
\i) =

<t

~/ N b 4P U S |
Itx) & 110 008 (&KX
ir 8 11

o« 2%/A ... phese constant, B ... attenuation constant,
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The ourrent distridbution governs the effective magnetio moment
of the antenna and thus also the magmetic inductioa produced
by the antenna at a cerisin poiﬂt of measurement.

For calcoulating the far fisld we also use a model.
WHEELER [ 9] thus desoribes the far field of self-resonant
helical antennas as a combdination of magnetic and elsctrio
dipoles in vaono,

-
—_-—/ P
e —

H“o 2

Fig. 2 shows s method of separating every turn of the helical
sntenna into two "radieting® components: one axial distance
equal to the pitch s, and a circular loop having the area A,
normal to the heliocsl axis. The electric dipole therefore

is ageumed tc be the distance n+s = 2.1, the magnetic dipole
is assumed to bhe the sum of all areas ~ n.A. The length of

the eleciric dipole may be vory small, if the winding is tight.
The alove assumption is based on the condition that the antenna
dimeneions are small as compared to the wavelongth, whioh in
the present case has been verified. Both dipole components

have the same direotion of sxis. We obtain three components

of electrio field strength and three components of magnetic
induotim, Msasuremenis were made only of the megnetic
components, which proved to be favorable (cf. Chapter 1V, re-
ceiving antemnas). The squations for the field stremgih couwpo-
nents have been collected in [5]. The wave number k contained
therein is replaced by the complex wave number x* for

ey T




“14-

k1 «ee DPhase constant, kz ees attonuation constant.

For cheoking the theoretioal results, numerous helioal
antennas have been built with different numbers of turns and
different lengths, The radistion fields they produce were
studied in detail. The antennas were sst up above ground, as
well ae in mine gslleries filled with air and with water,
respectively. The helical antennas have not been used as re-
ceiving antenunas, because they ars clumay, highly sensitive when
being approached, and owing to their self-rescnance, their
frequency oan be varied little,

The first helical antemna for this project was
built by W, BITTERLICH in 1964 and was operated at 110 kHx in
a basin filled with water., This antenna as well as a number of
other antennas vere based on the following circuit diagram [30}:

BRARA IR I ORI VXN ZROCTR)

T N7 7 )
(;z;rﬁ:T1E;E3‘

The problems that arise with this method of feeding (at i:s end)
and grounding, so far have not been soclved satisfactorily.
Consequently
used for fur

h
the impedarce of the helix, since this quantity muet be known

for optimum adeptation to the generator.
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The following end-fed antennas weres built and tested:
WA 1, WA 2, WA 3, WA 4 (for detailed dats see Cahpter VI), The
lowesi resonant frequenoy of 24 kHs was found in WA 3. Attempin
were made to further reduce this resonaat frequency value by
putting amsll inductances into the antemna winding. The rs-
sult was gool, but the simultaneocus decrease in impedance
toward the point of resonance was not distinot* enough. For
the largest distance that could be covered (700 m) the
data was the following:
Antennai WA 33 freguency: 24 kHz; mediums & » 10 trans-
mitter power: 95 watts; angle between helix and
ferrite antenna: 5 - 40°; receiving antenna:

ferrite antenna, 50 om long; field strength:
(4,56 * 0.2).10‘12 zslis_é_szg .

Symmetrically fed antennas were tested on the following model[ﬁ]z
H 848, H 200, B 600, 5 772, H 1362 (for detailed data ses
Chapter VIl The example of H 772 which yielded very good

results is used to show the relation between theory and

experiment.
E112

1 = 1,01 n

€xy * 1.4

8 = 1/?: n

theor. ®Xp. AW (%)

£1 [nE/a] 14,17 14,2 + 3,5
61 (p?/n] 32,7418,0 = 50,2 51,0 - 1,5
2 |k obms] 17,1 16,7 + 2,6
t_[kEs] 294 294,2 v 1,1
Ro(:o_uuj] 85
8 [ 5,09 « 1077
Q quality x18

b [kRs! band width 0,925
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Table I and Pig. 4 show the input impedance of H 772 as de-

3}

-~
.

The result of measursasnis with 9 774 W (¥ for watox)

H
H
H
s
3

is to show the ohange of proper.ies of an antenns submarged
in water, (Table II and Pig. 5).

H 772 ¥
water air
£ [kHs] 5,48 294,2
61 141 n¥/a 51,0 pF/m
2 322 ohms 16,7 k& ohms
R [ohms] 122 85,0
8 [=='] 0,379 5,09 « 1077
Q 3,66 318
v (kHs] 1,5 0,325

Note the exiremely low resonant frequency (5,48 kEHsz),
Summing wup the results we may say that theory may be
used for explaining the phenomens observed in the ». ion of
lowsst resonant frequency. Wave resistance and resonant
freguency may be calouleted in advance when using a cerefully
constructed antenna. The input resistance at rescnsnce and
all the quantities resulting from it cannot be calculisted
precisely. Yet we may say that the following types are pre-
ferred: antennas whoese longth is large as compared to their
diameter and aniennas that have a great pitch, These re-
gquiremonts, however, ocontradict thz desire for low rescnent
frequency. Henoe, a compromise must again be mede,

The distancesreached with the above antenna arrangement
are of interest for communication through .he earth's oruat;

4 distance ol 600 m througi. delomite rock was resached
with H 772 at an antenna ourrent of 600 milliam. (transmitter
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9,00

292,00
2,00

2,00
%5,00
3,00

¥4,00
*5,00
400,00

R
(K Onm)

500,000
0,000
250,000
200,000
111,000
52,000
X,000
5,000
15,000
11,000
10,000
2,010
0,25
0,085
3).&”
169,000
401,000
93,00c
360,000
50,100
22,200

c
(WF]

0,051
6,053
0,062
0.0
0,162
0,213
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0,987
0,407
0,456
0,560
1,32
3,000
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=5,274
-0,125
«0,018
*0,(13
0,009
©6,.%9

0,096
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RE 2
[x om)

+194/401
+133/+01
-657/000
+194/ 400
+119/+00
2147/ 400
»134/ 400

+103/v00

+122/%00
+131/ 400
»951/01
,333/-0]
+856/-01
+849/-01
+927/-01
1962/~01
o‘@/'ﬂl
2126/402
»680/+01
2,986/ 000
.7‘7/’”

I8 2
[k O]

-, 3ofe02
-1 199/+02
= 128/+02
«,624/401
-, 33/v01
=, 270/ +01
«,200/+01
«,143/401
~,135/+01
-y 119/+01
=197¢/+00
“s i‘z”/"\;v‘
=,118/+00
[+]
1191401
»hodlicl
v215/402
. 318/ 402
«,490/+02
=:695/401
~.4oo/+01

BETR 2
[k om)

2 311/002
1199/402
1128/402
624 /401
+ 363/ 401
1271/ 401
+ 31/ 40}
+143/ 401
2135/ 401
2120 /401
9975/’@
viod]/eos
» 146/ 200
1849/'01
1192/+01
140/ 01
» H2/02
+494/v02
1702/ %01
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TARRLLE |
OREZ Dng D BETR 2
0,070 0,110 0,110
0,070 0,110 0,109
0,070 0,110 o,l10
0,070 0,110 0,110
0,070 0,110 0,110
0,070 0,110 0,110
0,070 q,1t0 o, 109
0,070 0,110 o, 109
0,060 0,109 0,109
0,069 0,109 9, 109
0,060 g 150 o, joy
0,067 9,107 0,105
0,043 0,083 0,060
0,010 0,05 o,0lo0
0,070 0,110 0,110
0,070 0,12 0,110
6,070 o,tlo 0, 109
9,059 0,099 0,094
. o108 o, 108
0,668 ¢,108 0,108
0,067 ¢,107 0,106
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B 72w PABRLLE T~ |

{MPEDANZ EINER WENDEL

F R € RE Z N2 BETR ? DREZ O IMNZ QBETRZ
[KHZ) [k 0uK; [kF) [K OHM) £X OHM) [X OHM)
3,00 0,485 84,%0 »34/s00 <, 234/100  ,Bd/s00 0,025 9,065 o,0do
4,00 0,336 92,30 1209/100  -,162/v00 265/s00 0,025 0,065 o,0do
5,00 0,167  Bo,700 1M1/e00  2,599/-01  ,152/s00 0,016 0,056 0,022
52 0,142 57,700 +132/w0  -,354/-0i  ,137/+00 0,013 0,053 0,015
5,40 0,127 2,000 1126/+v00 - 108/-01  ,126/i00 0,010 0,05% 0,011
5,48 0,123 0,880 1122/v00  ,458/-03  ,122/+00 0,010 0,05 0,010
5,60 0,122  -28,000 »120/400  ,144/-01 »121/400 0,011 0,051 o,olt
5,80 0,1 -71,000 116/000  ,32/-01 123000 0,014 0,054 0,018
6,00 0,151  -95,000 W116/000  ,631/-01 »132/+00 0,019 6,059 0,028
7,00 0,34 74,200 150/+00  ,179/s00  ,234/+00 0,03 0,077 o,060
8,00 0,536 -45,100 1216/400  ,262/400 +Mo/s00 6,08 0,078 0,062
9,00 0,678  -29,600 +296/v00  ,336/400 +448/400 0,035 0,075 0,058
10,00 0,8% +19,200 W414/v00  414/c00  ,586/400 0,03 o,k 2,05
12,00 0,963  -7,200 1756/100 . 35/v00  ,853/s00 0,919 0,09 0,027
14,00 0,899 5,100 v773/%00  «,311/400  ,833/v00 0,016 0,06 0,021
16,00 0,588 9,000 458/000  «,243/500  ,519/¢00 0,019 0,099 0,08
18,00 0,38 8,200 »343/400  #,123/400 0 365/ +00 €015 0,05 0,019
19,% 0,312 1,05 »AM1/e00  -,127/-01  ,311/v00 0,00 0.5 o,0l0
2,00 0,45 -1,8% vM2/000  ,274/-01  ,343/s00 9,0lc 0,05 o,0l1
- 22,00 0,569  <5,0% 4%/00  ,196/100  ,52/+00 0,016 0,05 0,021
4,00 0,67c 2,800 62/s00  ,175/500  ,644/e00 0,013 0,053 0,016
26,00 o6 113 21793/ +00 sJ2 /01 7% oo G0l 0,051 0,011
2,00 0,726 0,108 +725/100  -,l00/-01  ,725/+co 0,010 0,05 o,00
X,00 0,711 1,100 1695/400  -,102/+00 ,703/+00 0,011 0,051 0,012
32,00 9,666 2,05 619/¢00  -,170/t00  ,542/s00 0,013 0,053 0,016
H,00 0,582 2,79% »519/400  <,1B0/e00  ,549/400 o014 0,054 0,019
6,00 0,479 312 42/000  -,145/000  ,453/400 0,014 0,054 0,018
3,00 0,406 2,65 vBoleoo  -,978/-01  ,393/400 0,012 0,052 0,015
4,00 0,371 0,146 »Jo/r00  -,508/-02 ,370/+00 0,0l0 0,05 0,010

42,00 0,48  -1,5% oAbl ,74/-00  ,421/s00 0,011 0,051 0,012




ié’!‘lﬂl‘l‘g... -
[U] Z 3y
0oLt (©o0L 006 008 00/ 009 008 00F 00£ 006 00! 0
"_ ¥ I | _ “
_ ~< T —t 00¢-
N
\\ y/ ZHY .,..%T
ze 7€ ™ 00¢- vi
: 9
ot 8! / Y
[ S QA‘Q -
Be N w
\ A

92 06l 5 0
! 9°0 0%
ZHAEL Q)
90

~ . zHy 2y (S|
5¢ oz 00!

\ 7 {M\ ‘ 002
/ o\ vjzw
/ \q 00¢

S
\Q‘\
2l e (2HY 762 =Y v )

SN oL

00%
MCLLH




- | 7-

power 21 watts) amd a frequency of 294 kis.

& distancy of 1,6 km (whio is the greatest length
pessible in our terrain) was res. isc sith R 772 W (i.s., oal-
merged in water) at a frequemocy ot 5,5 kHs and an antenc: cn-rant
¢ about 400 milliemp. (traariift.xr pewsr 21 watts). "hic
ucuparison shows that the saxe antenns shows better rewmn+r
viugr. the resonant frequenoy is reduced.

I¥. Receivipng apteynss

In Chapter I it has alresdy been said that magnetis
dipolec are well suitsd receiving sntemnas, The most favorable
types shsll now be desoribed [1],

The voltage induced in a frame antemma is

U " 2afonePop

in

with £ being the frequenocy, B = magnetis induation, n = number
of turns, F « antenns grea, The quantities that may be orhi-
trarily chosen when constructing an antenna sre the nuamber of
turne and the antenns ares which, however, should both ha -
large me possible. An increuse of the number of turns canec: an
inorease of the losses R, of the rescmant circuit, if il
antsnna rapresents the indusiance of a parallel resonant
eirouit (Fig. 6).

Fig, 6




-18-

A large-area frame antenna is, however, highly sensitive to

touch, a fact which is very disadvantegeous during so-called
directional measurements. The area must therefore be reduced
t0o & minimum wheresas the reduction of induced voltage csused
by it must be compensated by using ferromagnetio msterial of
high permeability. The above equation then reads as followa:

U = 2xfeneF'Beu o0 (Q),

ind

V.ff = ¢ffeactive or shear permeability of the ferrite, Q =
quality of oscillating circuit,

If the radiation resistance of such an antenns is
to be calculated, we need the effective height which ia

2xn-F
hate = =5 Merre

We thus obtain

oFop 2
40 off
R, = 320x ( 3 )

for the radistion resistance (of, also page 2 ).

What has been said above also gives some clues as to
the dimensioning of ferrite antennas. In rosonance tuning,
n nust be chosen so that & given frequency region may be
covered with the variable capacitance. n canuoi bs chossn
arbitrarily, not even when connecting the antenrcs aperiodically
with the subsequent aaplifier, beocauss sslf-resonance phe-~
nomena would ococur at a certain valus of induotance. F is
given by the cross section of the ferrite materis, while
“tor should be chosen in ascordance with the frequenoy region.

p is calsuls
eff

“tor

N
1+ ™ (utor-s)
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"tor is the initial or toroid permeability, N is a quant: i
deponding on the ratio rod length/diameter. As to the Jiméae
sioning of ferrite antennas see [1], [2] , or 5] .
The following example is given for tetter understanding:
aa antenna which has been used in practice:
Unsyametric VLF ferrite antenna for the region 1 ..., 20 kiHs,
Rol made of 6 tube cores, diametsr d = 19 wm, dismeter
of bore = 9 mm, material: Siferrit 1900 N 22 with
Peor ® 1300, length 1 = 9680 mm, ¥
(8 short oross winding coils).
Bleotris data: L = 2,19 H, R (D.C,) = 52 ohms, AL =

« 10 Hg st 3 kHs and Af = 75 Hx at 10 kHs. Uotf wea

~ 300 millivolts at B .. = 50 millivolte/m, i.e,.,

three times as high as the theoretical value of an
eleotric dipole (cof. introduction),
There axist two possibilities of eliminating the sensitivity
to tovocl. The first one would be an electrostatic shield by

meane ot 2 glotted copper oylinder. The second one: rendering
the anterra symmetrical (Pig. 7).

- Ty
I L

orf = 480, n = 2400

™~

»

Fig, 7

As to the dimensioning of tase transducer see [1i].




«20-

V., Fileld strength profiles and directional patterns

Two methods of measurement and evaluation are used for
studying the propegation mechanism of (V)LF waves:
1. Profile messurements

In this method, the field strength is measured as de-

pendent on the distance r from the transmitter. Position of
antenna and antenna current are kept constant, i.e., the
effeotive moment of the transajitting dipole remains constant.

Fig. 8-11 show such profile measursments for the VL
fraquencies of 3 and 10 kEHs Le] o Pig. 12 and 13 show them
for the L frequency of 120 kEz [12] . The conducti¥ity € [mhos/m]
is used as a parameter,

2. Directional patterns

A directional pattern is obtained by the well-known
method of meaczuring the field strength values around the
transmitting antenna at constant distance. Since this is
practically imposeible in a mine; the transmitting antenna
wae rotated and the receiving antenna was left at one point,
A specially designed bearing head free of metal [S] made
it possible to find the field strength components and deteot
their direction in space.

Fig, 14-~17 show directional patterns for the most
frequently used frequenciee of 3 and 10 kHz, Fig. 18-21 for

120 kHz, 6§ is again given as a parameter,

VI, List of the antennas that have bean used

Thias chronological list reviews all antences that
have been built for the VLF project and their techniocal data
as far as available,

X Lo ]
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1o Trunsmitting santennay
Beho Y3

iype: iron-oore ooil; iron recd length: 100 vmy sheet material IV}
iron cxoee sections 6 on'; turns number: 2 x 96 ; conductor:
coppex, 2 mm diem.; inductivity: 3.2 mH; ohmic resistance:
185 mohra; taps at ¥ 25 turns.

S.h, 11
type: iron~cors s0ilj iron rod length: 100 ¢om; iron eross section
3.5 om § turws aumber: X x 4503 oconductor: copper, 0.75 diem.}
inducsivity: 80 mH; ohmic resistances 3.1 ohms; taps at % 25
turrs.

These artenna forme did not perform satisfactorily, becsuse the
effective surface was too small and the losses in the irom core
werae t0o laxge.

S.4, 1113

type: air-cors soily diemeter: 98 cm; winding width: 2 omj win-
ding height: 1 axj turns number: 40; conductor: copper, 1.2
diam.; inductiviiyr 5 mHj; ohmic resistance: 1.1 ohms

sa-‘io IV!

type: air-core ocily diameter: 1 mj; turne number: 100; con~
ductors copper, 1 mm dism.; inductivity: 23 mB; ohmic resist-
ance: 1 ohmy rigid frame.

B.Aa V3

type: sir-core coily diameter: 1 m; turns numder: 60; ocnduec-
tor: copper, 1 mm diam.; induotivity: 1t mH; ohmic resistance:
5 ohms; rigid frams,

S.4, VI,
type: aquare frame; area: 1.4 m'; turns number: €9; conductor:

copper- stranded wire, 2.5 ne' H inductivity: 15 mlj ohmic re=-
simtancer 2,1 ohms;

In this antenna, the copper-stranded wire is welded as a bunch
in & flexible plastic hose, Thus, the winding can be removed
from the frame and folded up, the frame itself being collapsi-
ble. Tranavortation of ths anisnna is itherefore very easy.

So" VII!
type: rectangular frame; ares: 17 -y 3 turna numdber: 2 x 153

conductor: copper-stranded wire, 1.5 o' $ inductivity: 12 mly
ohmio resistance; 13.5 chmej

Thie antenna was suspsended in the "Bunte Kluft" in St. Gertrau-
43 and could be rotated about its vertical axia.
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ScA, VIII: .
type: square loop; ares ¢ 40 x 40 = 1,600 m ; turns number: 3)

conductor: copper, 2.5 mm i inductivity: 20 mH: ohmioc resist-
ance: 3 ohms.

In order to attain these dimensions, the antenna had to be
firmly satablished &t a suitable site at 8t,., Gertraudi in two
shafte and in two connecting galleries.

S,4, IX:
= S.4. VIII with the followipg a0difications: turns numbder: 10;
conduotor: aluminium, 135 =a .

Thus it was possible to get antenns currents of up to 40 ax-
yeres.

S.,4; X3 .
type: rectanguler frame; area: 4 x § » 16 m j turns number: 10}

conductor: copper-stranded wire, 4 mm , plastic insolated, 2pe-
cial insolation with PVYC-hose; inductivity: 1.1} ml; chaic re-
sistance: 0.22 ohms; resonance frequency: 1350 kHs; resonance
current: 3.4 amperes; resonance voltage: 13,000 vpp} range
(through rock): 1,400 m.

The frame is fed from the laboratory to the first turn vie Le-
chexr wires, by means of & 1 kW-transmitter.

ScAe XIt .

type: pentagonal frame, collapsible; ares: 1.5 m 3 turne num-
ber: 16; conductor: copper-stranded wire, 1.6 ma j inductivi.
ty: 780 pH; ohmic resistance: 0.3 ohms; weight: ~ 6 kgj resc-
nance ocurrent (antenna fed by means of a portable S5-V-trane-
Ritter, descridbed in [%2] )t 1.4 amperesj; Trescnance voltage:
2,000 vpps quality: 185,

B,S.P, I3 .
type: air-core coil; area: 1290 cm j turns number: 10 j oon~-

ductor: copper, 0.8 diam.; inductivity: 75 BH; ohmic ressizt-
ance: 0.49 ohos

With this antenna a calibration field was produced with which
the field strength meters were calidbrated.

Helica)l antennas

WeA, I

length:s 13.6 my cross nooxions rectangular, 1 x 1.8 a; turna
number: 1513 pitch: ~ 0.9 ; studied frequency range: 10 -
600 kBz; lowest resonance frequency: 53 kHsx,
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WoA; 11:

length: 6,8 m; croas nagtionx rectangular, * x 1,8 m} turns num-
bert 1613 pitch: ~ 0.45 s studied frggusncy range: 4 - 120 kHz;
lowest resonance frequency: 51 kiz,

W.A, III:

length: 13.6 mj cross sect%onz reoctangular, 1 x 1.8 m; turns
number: 312; pitch: ~ 0.457; studied frequency range: 400 Hz «
250 kHz; lowest resonance f{requency: 24 kHs,

Y.A, IV:
length: 1.92 m; crosas section: circular, 4 om disa.j turns num-
ber: 1,068; studied frequency rangas 4 - 600 kNz;

B I:

length: 1.93 m; diameter: 4 cm; turne number: 848; pitch: ~ 0.903
wifo thickness: 0,8 pmy wire length:s 108 mj; ground area: 1,250
cm j lowesi resonance frequercy: 1.91 MHz; quality:s 350;

Ro = 30 ohms (input impedance |Z! = Ro¥2

H II:

length: 2 m; diameter: 1/n mj turns number: 200; pitch: ~ 0.6°;
wire thickress: 1,5 mmj wire length: 200 mj; ground areas 1,250
om § lowest resonance froguency: 0,756 MHzj; quality: 41.3;

Ry = 170 ohamas.

E I, submerged in water:
leweet rasonance frequencys 50 kHzy qualitys 1.43 Rg = 75 ohmsj

H 11, submerged in water:
lowest resonunce frequency: 25.9 kHz; qualitys 2.243
Ro L] 59 Ohms.

The following antennas are &ll fed in the middie, without

grounding. The index ¥ meana antenna submerged in water,

H 848 B 200 B 600 B 772 E 1362
H848 W | H200 W HT712 @
length [om) 152.8 200 200 , 202 , 300
diameter [cm] 4 1/7.10°| 1/%.10 1/%.10 12.72
Ly TaH/m 0.351 0,956 8.86 14,2 3.5
L"' [mn RJ - - - - -y -
€4 [pF/uw) 16 3 45 4 62 51 26
Ciw LPP/m) 18,.8,10 26.10 141.10°
2 [kohms) A.€9 3 4.6 5| 11.95 16.7 11.6
%y [xohme] 133,102 | 194.10" 322,107
£, (kHz] 3,462.7 1 1,152,3 383.9 294.2 953.29
frw [kHz] 101 49,0 5.48
Ry [chms) 353 68,0 116,0 85 65
Row [ohme] 91 70.0 122
Q 208 102 183 318 282
Qv . . 2.4C 4.4 3.66
b {kHz] 16.€ 11,3 2.08 0.925 1.97
by [LHz] 420 L 111 1.5
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2. Receiving antennas

BoA;, I
tyne: ferrite antenne; length ¢f ferxits rod: 47,5 omj

'\I’I.“. -Vuo v -~ o 1
ters 1.5 cm; oross ssction: 1,77 om § turns number: 2 x 500
inductivity: 800 mB}; ohmic resistance: 135 chma; shielded
against electric fields by means of aluminium fcil.

00

E,A, IIs
type: slender toroidal solencid

Its electrical performance data were very unfavorable asc that
it was not used for further measurements.

E,A, II1s :
type: oylindrical coil without core; diamster: 45 ocmj turns

nuaber: 1,000,

Eqh; IVs
type: ferrits sntennaj five ferrite rods arranged along the

edgos of a prism with a regulsr pentagon as the base plane,
turns nuwbers 5 x 1,600; ocoil lengths: 15 om; inductivity:

5 x 1.6 Hj ohmic resistunce: 5 x 50 ohms; optimum edge length
of the pentagon: 15 om,

E.h:. V3

type: ferrite antennaj length: 65 om; ferrite material:
1100K22 Siemens, Munich; turns number: 3,000; induoctivity:
2 H; ohmic resietance: 135 ohmsj co0il in the middle of the
rod.

E.A; VI:
type: laminated iron core coil; length of iron core: 100 omj

iroa core made of metal shpet strips, Hyperm 766, Krupp Widia,
Essen; coross seotion: 8 om § turns number: 2 x 1,000; induo-
tivitys 2.2 B; ohaic resistances 56 ohmsj Wior = 80 OUU;

At the measuring frequencies used so far (3 and 10 knz, this
design 18 not superior to the types IV and V. At lower fre-
quenoies, however, it supposed to be paremount,

At the receiver input B 2 [13] R.A, IV, V, VI yielded a vol-
tage of 1 uv at a field satrength of

f = 3 kHs £ = 10 kHs

-492 42 , &
E.ho IV 2.32 x 107, 0.73 x 1077 Wb/
Bk, ¥ 6.8 x 10:12 2.42 x 107}3 Yo/a!
EoA. VI 3.25 x 10 2,63 x 10 Wb/
Fed, Vi

type: ferrite satenna; length: 48 cx; diameter: 2 om; turns
namber: 1,200; inductivity: 450 mH; material: 1100N22 Siemens,

P
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Munichj ocoil in the middle of the recd, This s&ntenna wawm in-
ied as a direction finder antenna in Cardsnic suspension.

BoA, Vi

type: ferrits antenna; length: 40 omy diameter: 1.3 omj turns
nusber: 2 x 50; induotivity: 1.7 mH; material: 550N25 Siemens,
Nunich, slotted rod,

Fodo Viis
type: ferrite antenna; length: 98 om; diameter: 2 omj turns

number: 1,200} coil in tbe middle of the rod; material:
1100822 Sispens, Munich,

¥il. Conclusiognp

The tranemitting and receiving antennas uged for
VLF project studies have been summarised. Examinations of
(V)LF antenna properties shall be continued slso in the
future. The optimisation of helical antennas is going to
be studied in a detailed report.
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